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Nanoscale magnesium is an earth-abundant, inexpensive material that can efficiently utilize the energy of
light via localized surface plasmon resonances. In this work, the continuous flow synthesis of plasmonic
Mg nanoparticles with exquisite size control and high reaction yields is demonstrated thanks to the com-
bination of fast mixing achieved in flow reactors and the use of highly reactive and air-sensitive Grignard
precursors. The size distribution is controlled by tuning the mean residence time and adjusting the pre-
cursor concentration. A systematic study reveals that the reactivities of Grignard compounds toward
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reduction into plasmonic Mg are controlled by both electronic and steric factors defined by the structure
of the organic substituent of the Grignard reagent. This work demonstrates the continuous, controllable,
and tuneable manufacturing of plasmonic Mg nanoparticles with a great potential in light-harvesting
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Nanoparticles (NPs) of free-electron metals can sustain loca-
lized surface plasmon resonances (LSPRs), a collective oscil-
lation of their delocalized electron cloud under incident light
excitation. The resonant extinction cross-section of a plasmo-
nic NP can exceed its physical cross-section, making it a nano-
scale light antenna. Once absorbed, the energy captured from
light to excite LSPRs decays through various pathways, ranging
from electron-hole pair generation to heat production.'™ Such
enhanced light-matter interaction renders plasmonic struc-
tures attractive for a variety of light-harvesting applications,
including photocatalysis,"” photothermal cancer therapy,®’
and surface-enhanced spectroscopies.'®!’ Mg is an earth-
abundant plasmonic metal with dielectric properties that
enable strong resonances across ultraviolet, visible and near-
infrared wavelengths.’>® Excellent stability provided by a
native self-limiting oxide layer,'® as well as low price and
biocompatibility'”'® make Mg a real contender to well-estab-
lished plasmonic metals such as Au, Ag, Cu, and Al. The
potential of Mg NPs as an alternative plasmonic material for
variety of applications has indeed recently been
demonstrated."®>°
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The LSPR frequency strongly depends on the size and
shape of the plasmonic NP, and, therefore, controllable syn-
thesis of Mg nanostructures is required for their efficient
application. A previously reported colloidal synthesis of Mg
NPs via one-step batch reduction of di-n-butylmagnesium
(MgBu,) with lithium naphthalenide radical anion complex
results in Mg nanoplatelets with a broad average size distri-
bution and optical response, which hinders their potential
application.>”*® The size distribution can be improved by uti-
lizing a one-pot seed-mediated growth approach, which pro-
duces Mg nano spheroids with a narrow size distribution.”**°
However, due to the relatively slow reduction rate of MgBu,,
Mg yields of only <30% can be achieved after several hours of
reaction for both one- and two-step processes.>”***® Grignard
reagents with the general formula R-Mg-X (where X is a
halogen and R is an organic group) are common reagents in
organic synthesis and produced on an industrial scale. In con-
trast to MgBu,, Grignard reagents are not pyrophoric, with
simpler safety handling procedures. However, Mg NPs syn-
thesis from Grignards reagents in batch reactors leads to
micron-scale polycrystalline Mg particles within the first
5 minutes of reaction (Fig. $1).>® The addition of a large excess
of PVP capping ligand allows for improving NP morphology
and reducing aggregation, however, the application of the
resulting particles is hindered by their broad size distribution
and lack of size control. The reported challenges in Mg NP
synthesis from Grignard reagents are attributed to their high
reactivity toward the reduction into Mg® with a relatively fast

This journal is © The Royal Society of Chemistry 2025
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reaction time with respect to the slow mixing time, leading to
heterogeneous conditions at early reaction times.

Efficient mass transport to ensure rapid mixing during
early reaction stages and during the synthesis can be achieved
by tailored design of flow systems. Our group has demon-
strated the influence of mixer configurations for the rapid
mixing of reactants.’’ In addition, 3D reactor configurations
such as helical or coiled inverter reactors can modify the fluid
dynamics of the system, leading to narrow residence time dis-
tributions (in contrast to those characteristic of laminar flow)
to produce uniform metal NPs in the absence of capping
agents.>”> A range of strategies have been developed to
manipulate the fluid dynamics of flow reactors for the syn-
thesis of a wide range of materials.***® More recently, we have
demonstrated the intrinsically safer nature of flow microreac-
tors for stable and safe organometallic reactions in bi-phasic
systems.>®

In this work, the colloidal synthesis of plasmonic Mg NPs
in continuous flow reactors is carried out under ambient con-
ditions in tetrahydrofuran (THF). Fast and efficient mixing in
continuous flow helical reactors enables the use of highly reac-
tive Grignard reagents as Mg precursors under homogeneous
reaction conditions, resulting in Mg NPs with narrow size dis-
tributions and tunable optical properties. Their size distri-
bution can be controlled by changing the mean residence time
and adjusting the precursor concentration. Importantly, both
reaction rates and Mg NPs size/morphology are also largely
dependent on the composition of the Grignard reagent. A sys-
tematic study of the relationship between the Grignard organic
group and its reactivity toward Mg reduction reveals that the
reaction kinetics is affected by electronic and steric factors. As
a result, the synthesis of tailored Mg NPs can be achieved
thanks to the variety of commercially available Grignard
compounds.

Herein, Mg NPs are synthesized in flow microreactors using
a range of Grignard reagents as Mg precursors, and a Li-phe-
nanthrene (LiPhen) radical anion complex as reducing agent

(1):

R-Mg-X + 2Li* [] — Mg®+ LiX +Li-R (1)

In a typical experiment, 0.1 M solution of the Grignard
reagent and 0.25 M solution of freshly prepared LiPhen both
in THF are continuously co-fed and mixed at equal flowrates in
a T-mixer (internal diameter, i.d. = 0.5 mm), and a the result-
ing mixture is fed into a glass helical reactor (i.d. = 1.5 mm,
length L = 3.2 m, helical diameter = 10 mm) to produce Mg
NPs at room temperature. The reactor outlet stream is continu-
ously mixed with iso-propanol (IPA) or acetone in another
T-mixer to quench unreacted Mg precursor and reducing agent
and stop the reaction (Fig. 1a). Note that 0.5 mg mL ™" of poly-
vinylpyrrolidone (PVP) with M,, = 10 000 is added to the redu-
cing agent solution to act as a capping agent during the Mg
NPs synthesis.*® To remove the residual by-products, the
samples are cleaned by centrifugation and redispersion steps

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Continuous flow synthesis reactor setups: syringe pumps control
the flowrates of Grignard reagent (R-Mg-X, Mg precursor), LiPhen
radical anion complex (reducing agent), and IPA or acetone (reaction
quenching). Reactants are mixed in a T-mixer and (a) pass through the
glass helical reactor (i.d. = 1.5 mm, L = 0.65, 2.0, 3.2 m, helical diameter
=10 mm). Unreacted Mg precursor and reducing agent are quenched in
a T-mixer with a flow of IPA or acetone at the reactor outlet; (b) reaction
products are collected directly at the T-mixer outlet into a 2 mL micro-
centrifuge tube containing 1 mL of IPA.

in anhydrous acetone, THF, and twice in IPA. Detailed experi-
mental protocols and NP characterization procedures can be
found in the SI.

The effect of the Grignard reagent organic group on the
resulting properties of Mg NPs is investigated in a continuous
flow synthesis using a 3.2 m long helical reactor with constant
flowrates corresponding to a mean residence time of 170 s
(Fig. 1a). Optical properties, morphology, and average size dis-
tributions of Mg NPs are affected by the structure of the
organic group in the Grignard reagent (Fig. 2). Roughly spheri-
cal NPs with randomly distributed flat and angled facets
across their surface are produced from methyl-, n-butyl-, and
phenyl-MgCl precursors, whereas hexagonal nanoplatelets are
formed from ¢-butyl-MgCl (Fig. 2). The spheroidal NPs are
characterised with narrow size distributions and extinction
maxima in the visible range, while nanoplatelets demonstrate
a broad size distribution and extinction in the near-IR region.
The formation of nanoplates from t-butyl-MgCl can indicate
slower nucleation and growth leading to a closer to thermo-
dynamic hexagonal shape, previously observed for the less
reactive MgBu, precursor,””*° while spheroidal NPs are pro-
duced via fast, kinetically controlled growth. Note, the broad-
ening in the LSPR peak of the Mg NPs produced from methyl-
and butyl-MgCl compared to those obtained from phenyl-
MgCl can be explained by an enhanced partial NP aggregation
in the colloid due to their smaller size and lower degree of
interaction with bulky PVP molecules. The difference in size
and shape of Mg NPs produced from the different Grignard
reagents is attributed to their different reactivities toward
reduction into Mg°, which affect nucleation and growth rates.
Indeed, the reduction of methyl-, n-butyl-, and phenyl-MgCl
leads to Mg yields of 57, 49, and 45%, respectively, whereas
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Fig. 2 Continuous synthesis of Mg NPs from Grignard reagents with different organic groups. UV-Vis-NIR extinction spectra, representative SEM
images, Mg yields, and size distribution diagrams for Mg NPs produced from (a) methyl-MgCl; (b) n-butyl-MgCl; (c) phenyl-MgCl; and (d) t-butyl-
MgClL. Solutions of Grignard reagent and LiPhen (in the presence of PVP) are mixed in a T-mixer and co-fed into a 3.2 m long helical reactor at total

flow rate of 2 mL min~t with a 170 s residence time (shown in Fig. 1a).

Table 1 Effect of organic substituent of the Grignard reagent on the yield of Mg as a function of residence time. A residence time of <1 s was
achieved using the reaction setup depicted in Fig. 1b (mixer, no reactor). A residence time of 170 s was achieved using the reaction setup depicted in

Fig. 1a with a 3.2 m long helical reactor and a total flowrate of 2 mL min™

1

Grignard reagent/ Methyl-MgCl n-Butyl-MgCl iso-butyl-MgCl 2-Methylallyl-MgCl Benzyl-MgCl Phenyl-MgCl t-Butyl-MgCl
residence time Mg yield, %

<1ls 53 45 42 51 41 0 0

170 s 57 49 — — — 45 26

only 26% yield is achieved when using ¢-butyl-MgCl, all after
170 s of reaction (Table 1). The Mg yield is calculated as:

M
% x 100%,

m

Yieldyg = (2)
where Mg;, and Mg, are Mg molar concentrations in the
initial reaction mixture and in the extracted solid product
(based on inductively coupled plasma optical emission spec-
trometry (ICP-OES) data, see SI for details).

To provide insights on the differences in reactivities of the
Grignard Mg precursors, the same reactions were carried out
but quenched immediately after the initial T-mixer (Fig. 1b),
enabling the calculation of Mg yields at early reaction times.
In this configuration, the mean residence is estimated to be <1
s. The initial Mg yield at <1 s depends dramatically on the
structure of the organic substituent of the Grignard reagent:
no product is detected when phenyl- and t¢-butyl-MgCl are
used, whereas methyl- and n-butyl-MgCl produce high reaction
yields (Table 1) comparable to those achieved after 170 s.

These results reveal the importance of the steric and elec-
tronic properties of the organic group on the reactivity of
Grignard precursors for Mg NPs synthesis based on the follow-
ing mechanistic considerations. As shown in reaction (3),
reduction of Grignard reagents into Mg metal requires the
transfer of 2 electrons to Mg®" from the LiPhen radical-anion

27524 | Nanoscale, 2025,17, 27522-27529

complex and the cleavage of the Mg-carbon and Mg-halogen
bonds. The cleavage of the ionic Mg-halogen bond leads to
the formation of a stable lithium halide salt and should be
favourable in polar solvent (THF). On the other hand, the rela-
tive electronegativities of carbon and Mg suggest a polar
nature of the C-Mg bond with the bonding pair of electrons
pulled toward the carbon atom. The heterolytic splitting of the
C-Mg bond generates a transition state with the formation of a
highly unstable carbanion R™ and, therefore, it can be
assumed to be the rate limiting step. One should note that
despite the polar nature of the C-Mg bond in the Grignard
reagent, homolytic splitting leading to the formation of an
unstable radical R* cannot be completely ruled out.

carbanion R radical R’

& &+ - &+
RAMg—X or RMMg—Xx O

Li* [] _

heterolytic splitting homolytic splitting

Stabilization of the electron-rich carbanion requires an elec-
tron-withdrawing group, whereas the electron-deficient radical
needs electron donation. Our experimental results demon-
strate that the reactivity of Grignard reagents decreases with
increasing electron donating properties of the alkyl substitu-
ent: methyl > n-butyl > ¢-butyl (Table 1), indicating heterolytic

This journal is © The Royal Society of Chemistry 2025
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splitting of the Mg-R bond. Note, the low reactivity of phenyl-
MgCl precursor observed here correlates well with a low stabi-
lity of the phenyl-carbanion, in which the lone pair on the
benzene is in the plane of the ring and hence cannot interact
with the conjugated n-system.

The important role of the electronic properties of the
organic group in the reactivity of Grignard reagents is further
confirmed by experiments performed with benzyl-MgCl and
2-methylallyl-MgCl. Both of these precursors show high reac-
tivity due to their ability to produce relatively stable carba-
nions, in which the electron density is delocalized via reso-
nance effects. Furthermore, the reactivity of 2-methylallyl-MgCl
can be compared to that of iso-butyl-MgCl, which has the
same structure but without n-bonds, and, therefore, lacks reso-
nance stabilization. The yield at ~1 s produced from iso-butyl-
MgCl (42%) is indeed noticeably lower compared to 2-methyl-
allyl-MgCl (51%) (Table 1). Similarly, the Mg yield at ~1 s
achieved with iso-butyl-MgCl (42%) is slightly lower than that
obtained for n-butyl-MgCl (45%), which also correlates well
with the electron donating ability of these organic groups.

The results in Table 1 also demonstrate that along with
electronic effects, the reactivities of Grignard reagents toward
reduction into Mg are also affected by steric factors. The Mg
yield at ~1 s obtained using 2-methylallyl-MgCl (51%) is
similar to that obtained with the less stable methyl-MgCl
(53%), and drops to 41% when the resonance-stabilized
benzyl-MgCl is used as Mg precursor. These observations
reveal that despite the ability of 2-methylallyl-MgCl and
benzyl-MgCl precursors to produce a carbanion of higher
stability compared to methyl-MgCl, the reactivities of these
compounds are hindered by steric factors.

The high reactivity of Grignard reagents toward reduction
into Mg allows continuous synthesis of Mg NPs with high
reaction yields at low residence times of <1 s. However, such
high reaction rates imply that the reaction proceeds under
non-homogeneous mixing of the Mg precursor and reducing
agent. As a consequence of the mixing time being longer than
the reaction time, nucleation and growth of NPs take place at
different rates in different fluid elements, resulting in broad
size distributions. To understand this effect deeper, the effect
of residence time on Mg yield was studied by varying the flow-
rates in a 3.2 m long helical reactor (Table 2). Highly reactive
methyl-MgCl and n-butyl-MgCl precursors show a small
increase in Mg yield as a function of residence time (Table 2),
with most of the conversion achieved within ~1 s of the reac-
tion as discussed above, leading to spheroidal NPs; no change

Table 2 Effects of flow rate and residence time on Mg yield synthesised
reagents
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in their UV-Vis-NIR extinction was observed as function of resi-
dence time (Fig. S2). In contrast, for the least reactive Grignard
reagent, t-butyl-MgCl which contains both bulky and electron
donating group, the reaction yield progressively increases with
residence time from 8% at 55 s to 26% at 170 s (Table 2). In
this case, the mixing time is shorter than the reaction time
and the reaction takes place under homogeneous conditions.
However, such low reactivity leads to large, close to thermo-
dynamic shape hexagonal platelets (Fig. 2d) with a broad size
distribution.

A compromise in reactivity is achieved with phenyl-MgCl
precursor where the Mg yield increases progressively with resi-
dence time, leading to kinetic faceted spheroidal NPs (Fig. 2c
and S3). The size of the particles can be finely tuned by
varying the residence time (Fig. 3a). As expected, the increase
in size is accompanied by a red shift in extinction (Fig. 3b) and
its accompanying change in colour of the NP colloids (Fig. 3c).
The extinction profile of Mg NPs can be further tuned by
increasing the amount of Mg precursor in the reaction
mixture: a 2-fold increase (from 0.1 M to 0.2 M) in the phenyl-
MgCl concentration leads to a redshift of the extinction
maximum (Fig. 3b). The fact that the increase in precursor
concentration boosts Mg yield to up to 56% (Table S1) indi-
cates an increase in the reduction rates. Note, both NP size
and reaction yield can be potentially further increased by
increasing the concentration of the LiPhen reducing agent.
However, our results demonstrate that a higher phenanthrene
concentration leads to a noticeable increase in the viscosity of
the reducing agent solution and higher pressure drop along
the reactor, affecting flow stability. Furthermore, the excess of
the reducing agent leads to a substantial contamination of Mg
NPs with additional phenanthrene released upon the reaction
quenching and requires extra cleaning steps.

The metallic character of the Mg NPs is confirmed by scan-
ning transmission electron microscopy electron energy loss
spectroscopy (STEM-EELS), where Mg° is revealed by its
unique bulk plasmon signal (Fig. 3d and e). The presence of
Mg° as the main phase is further supported by powder XRD
analysis (Fig. 3f). Particularly, the XRD pattern reveals peaks
corresponding to Mg’s hexagonal close-packed crystal structure
(JCPDS 04-0770) with no MgO (JCPDS 89-7746) peaks detected,
indicating that the oxide shell has a small domain size, con-
sistent with a polycrystalline, sub-10 nm shell for Mg NPs as
previously reported.**

As the flowrate in microreactors affects the fluid dynamics
of the system, to decouple its impact from that of the residence

in a 3.2 m long continuous flow helical reactor with different Grignard

Methyl-MgCl n-Butyl-MgCl Phenyl-MgCl t-Butyl-MgCl
Flow rate, mL min ™" Residence time, s Mg yield, %
2 170 57 49 45 26
4 85 53 47 35 11
6 55 48 41 25 8

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Synthesis of Mg NPs from phenyl-MgCl precursor in a 3.2 m long flow microreactor. (a) Size distribution histograms, (b) UV-Vis-NIR extinc-
tion spectra, and (c) different colours of the resulting Mg NPs as a function of residence time and precursor concentration; (d) high-angle annular
dark field (HAADF)-STEM image; (e) Mg bulk plasmon (~10.5 eV) map from STEM-EELS indicating the distribution of Mg® (green); (f) powder XRD

patterns of Mg NPs produced at 2 mL min~ and 170 s residence time.

time, a range of Mg NP syntheses was performed under con-
stant conditions using phenyl-MgCl as the Mg precursor. In
this case, the residence times were kept constant (55, 85, and
170 s) by simultaneously varying the length of the helical
reactor (0.65, 2.0, and 3.2 m) and flow rate. Fig. 4a-c demon-
strates that as residence time decreases, the extinction spectra
of the resulting Mg NPs narrow and blueshift, revealing an
effect of flow rate on fluid dynamics (i.e., mixing of the Mg pre-
cursor and reducing agent streams) on the final product. To
understand this phenomenon, fluid dynamic simulations of
the system were carried out using Ansys Fluent 2023 R2 to
study diffusion in the THF solvent (see SI for details). For this,
a tracer was defined with the same properties than THF. A
representative distribution of the tracer concentration along
the reactor is depicted in Fig. 4e. In all cases, the fluid is
under laminar flow with Reynolds numbers < 200. However,
the helical reactor configuration promotes the formation of
Dean vortices, leading to the rotation of the fluid from the
centre of the reactor toward the walls, enhancing the rate of
mixing of reactants.’® The magnitude of this rotation is quan-
tified by the dimensionless Dean number, defined as De = Re
(d/D)*® as a result of the balance of inertial, centrifugal, and
viscous forces of a fluid flowing in a coiled channel, where d is
the diameter of the reactor and D is its helical diameter, both
kept constant in this study. The values of Dean and Reynolds
numbers in all the experiments are presented in Table S2.

27526 | Nanoscale, 2025,17, 27522-27529

Fig. 4d shows the evolution of the mixing index along the
length of the reactor as a function of flow rate (for the con-
sidered reactor configuration).' Mixing indices have values
between 0 and 1, where 0 indicates two completely segregated
streams and 1, perfectly mixed streams. One should note the
logarithmic scale in the x-axis. Combining the experimental
and simulation data in Fig. 4 reveals the importance of rapid
mixing to enable homogenous nucleation in the early stages of
the Mg synthesis. A threshold of De > 20-30 (corresponding
here to a flowrate of 2 mL min~") is needed to achieve perfect
mixing within the first few seconds of the reaction, resulting
in narrow extinction spectra. Lower Dean numbers lead to the
mixing of reactants being dominated by slow diffusion under
laminar flow, resulting in broad and redshifted extinction.

Microscopic images of the Mg NPs produced in flow using
Grignard reagents (Fig. 2 and 3d) include aggregates despite
the presence of PVP as a capping agent. However, the pro-
nounced maxima in the extinction spectra of the colloidal
samples (Fig. 2 and 3b) as well as the visually observed colours
of the Mg NPs colloids (Fig. 3c) suggest that the aggregation is,
at least in part, due to drying artifacts. While for some appli-
cations, such as surface-enhanced Raman spectroscopy and
plasmon-enhanced catalysis, aggregates can be beneficial due
to the formation of highly localized regions of intense local
field (electromagnetic hot spots), in most cases uncontrollable
aggregation is considered undesirable. The dispersion of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Effect of fluid dynamics parameters on Mg NPs synthesised by continuous flow reduction of phenyl-MgCl. (a)-(c) UV-Vis-NIR extinction
spectra of the Mg NPs at constant residence times (55, 85, and 170 s) obtained by simultaneously varying the length of the reactor and the total flow
rate; (d) simulation of the evolution of the mixing index in the helical reactor at different flow rates; (e) representative distribution of the tracer con-

centration along the helical reactor at a 2 mL min~ flow rate.

Mg NPs can be substantially improved by replacing IPA by
acetone as the quenching solvent. As can be seen in Fig. 5, the
Mg NPs produced in flow using phenyl-MgCl precursor and
quenched with acetone are characterized by a sharper extinc-
tion profile (Fig. 5a) as well as high NP dispersion observed in
SEM imaging (Fig. 5¢ and S4). The difference may be attribu-
ted to the potential for IPA to react with Mg metal and form
magnesium isopropoxide, which potentially reduces the ability
of the resulting NPs to interact with the PVP capping agent
leading to higher aggregation.

While these results confirm that PVP acts as a capping
agent to produce well-dispersed, colloidally stable Mg NPs,

This journal is © The Royal Society of Chemistry 2025

its presence can affect their final application by forming
physical and electronic barriers as well as limiting the possi-
bilities for further functionalization of the NP surface. When
the flow synthesis of Mg NPs using phenyl-MgCl is carried
out in the absence of PVP, the morphology of the resulting
NPs changes dramatically, forming nanostars (Fig. 5). As
before, their optical properties can be controlled by varying
the mixing of the reactants (i.e., varying flow rates, Fig. 5a),
however, the assessment of their size distribution is difficult
due to a high level of aggregation observed in SEM images
(Fig. 5€). The extinction profiles of the Mg nanostars indicate
the presence of plasmonic Mg° phase, however, their further
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and 170 s residence time quenched in IPA and acetone; (d) UV-Vis-NIR extinction spectra of Mg NPs produced without PVP at different residence
times; (e) representative SEM images of Mg NPs produced without PVP at 2 mL min~ and 170 s residence time.

characterisation is beyond the scope of the present study.
These results reveal the important role of PVP as a shape-
directing agent during flow synthesis of Mg NPs from
Grignard reagents.

In conclusion, our results demonstrate that residence time
control and fluid dynamics manipulation in helical flow
microreactors enable the tunable continuous synthesis of Mg
NPs by the reduction of Grignard Mg precursors with lithium
phenanthrene as the reducing agent. The important role of
steric and electronic properties of the organic group on the
reactivity of Grignard reagents for their reduction into Mg NPs
is shown. For the most reactive Grignard precursors, the reac-
tion rate substantially exceeds the mixing time, leading to
kinetic spheroidal NPs. However, for this series of precursors,
heterogeneous nucleation conditions limit control over the NP
size distribution. On the other hand, Grignard reagents with
lower reactivities produce thermodynamic hexagonal nanopla-
telets, similar to that obtained in colloidal batch synthesis
with MgBu,. A compromise between reactivity and mixing is
found with phenyl-MgCl, where the rate of mixing allows to
manipulate the size distribution and optical properties of the
resulting Mg NPs.
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